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Abstract 
A key challenge for future clean power or hydrogen projects via gasification is the need to reduce the overall 
cost while achieving significant levels of CO2 capture.  The current state of the art technology for capturing 
CO2 from sour syngas uses a physical solvent absorption process (acid gas removal – AGR) such as 
Selexol™ or Rectisol® to selectively separate H2S and CO2 from the H2.  These two processes are expensive 
and require significant utility consumption during operation, which only escalates with increasing levels of 
CO2 capture.  Importantly, Air Products has developed an alternative option that can achieve a higher level 
of CO2 capture than the conventional technologies at significantly lower capital and operating costs.  Overall, 
the system is expected to reduce the cost of CO2 capture by over 25%.    
 
Air Products developed this novel technology by leveraging years of experience in the design and operation 
of H2 pressure swing adsorption (PSA) systems in its numerous steam methane reformers.  Commercial 
PSAs typically operate on clean syngas and thus need an upstream AGR unit to operate in a gasification 
process.  Air Products recognized that a H2 PSA technology adapted to handle sour feedgas (Sour PSA) 
would enable a new and enhanced improvement to a gasification system. The complete Air Products CO2 
Capture technology (CCT) for sour syngas consists of a Sour PSA unit followed by a low-BTU sour oxy-
combustion unit and finally a CO2 purification / compression system. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
For gasification to be a successful process in the future, the challenge of low-cost CO2 capture must be addressed.  
Current CO2 removal processes are based on absorption using physical solvents (acid gas removal – AGR) such as 
Selexol™ or Rectisol® [1,2] but these are expensive and require significant utility consumption during operation.  Air 
Products has therefore developed an alternative option that can achieve higher CO2 capture rates at significantly lower 
capital and operating costs [3].  Benchmark studies on gasification for both high purity H2 and power production show 
the new system can be expected to reduce the cost of CO2 capture by over 25%. 
The novel approach Air Products has taken is to replace the absorption unit with H2 pressure swing adsorption 
(PSA), tailored specifically to remove both CO2 and sulfur containing components.  Today, commercial H2 PSAs 
operate on sulfur-free syngas created from natural gas, but Air Products recognized that H2 PSA technology adapted to 
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handle sour feedgas (Sour PSA) would enable a new and enhanced improvement to a gasification system [4]. The 
complete package from Air Products combines a Sour PSA unit for capturing CO2 and H2S, with a low-BTU sour oxy-
combustion unit applied to the tail-gas to extract available heat energy from the combustible components.  This then 
feeds into a proprietary compression system that is simultaneously able to purify and remove undesirable trace 
components from the CO2 rich product gas [5-12].  Air Products is currently developing all three subsystems of the 
technology.  The focus of this paper will be on the technology development and commercialization effort around the 
Sour PSA unit. 
2. Description of Air Products’ Advanced CO2 Capture (H2S / CO2 Removal) Technology for Gasification 
With a conventional gasification flow sheet, the feedstock (petcoke, coal, or heavy refinery residues) is reacted with 
pure oxygen (O2) and converted by a partial oxidation reaction into a synthesis gas mixture consisting predominantly of 
H2 and CO.  This crude synthesis gas mixture comprises H2, CO, CO2, H2O, H2S, carbonyl sulfide (COS), carbon 
disulfide (CS2), CH4, as well as other minor impurities.  Where the end product is high-purity H2 or a decarbonized fuel 
stream, the next step is to use a catalytic shift conversion reaction where CO and steam are converted to H2 and CO2.  
Following the shift conversion step both CO2 and sulfur, present as H2S, must be removed.  Conventionally the best 
available systems are based on physical absorbents which are effective at dealing with impurities and removing CO2 at 
high partial pressures.  The leading processes are Selexol™ (using a poly-ether solvent) and Rectisol® (using a 
refrigerated methanol solvent).  From the absorption process, the crude H2 can be used in a combined-cycle power 
generation system to produce electric power or alternatively a H2 PSA can be used to produce high-purity H2 and a low-
BTU fuel gas.  The absorption process allows the H2S and CO2 to be removed as separate streams.  The CO2 is usually 
compressed to pipeline pressure (100 bar to 250 bar) for transfer to a storage site or for EOR and the H2S can be 
converted into elemental sulfur using the Claus process. 
Figure 1 details how the Air Products system would integrate into a gasification flowsheet for either clean power 
and/or hydrogen production.  The upstream gasification process is the same as in the conventional case to produce a 
synthesis gas mixture of CO and H2 which is converted in a catalytic shift reaction, in the presence of H2O, to produce 
H2 and CO2.  Any sulfur present in the fuel is converted to H2S plus minor amounts of COS and CS2.  The Sour PSA 
provides the desired H2 product and a sour tailgas for combustion.  The oxy-combustion system generates the crude 
CO2 product, as well as options for heat integration.  Importantly, the power generated by the gas turbine may be 
increased by preheating the H2-containing gas and by introducing either N2 or steam into the turbine fuel gas.  The 
crude CO2 is processed in the Air Products CO2 Compression and Purification Unit to produce an EOR or 
geosequestration-ready CO2 product stream.  Associated byproducts from the purification system are H2SO4 and HNO3, 
which may either be saleable in the given market or utilized in other means.   
 
Figure 1:  Schematic of advanced CO2 capture (H2S / CO2 removal) technology for gasification 
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A general schematic of the specific Air Products process is shown in Figure 2, with the Sour PSA followed by the 
sour oxy-combustion unit and finally the CO2 purification / compression system.  The Sour PSA is a multi-bed system 
capable of handling sour syngas (H2/CO) containing CO2, H2O, H2S, carbonyl sulfide (COS), carbon disulfide (CS2), 
CH4, as well as other minor impurities.  The Sour PSA is based on a traditional H2 PSA for separation, which is a 
mature technology.   
Figure 2:  Sour PSA with offgas oxyfuel combustion for 100% CO2 capture 
 
The tail gas from the Sour PSA, which contains primarily CO2 and H2S with residual amounts of H2 and CO, is 
combusted in oxygen.  The oxyfuel combustion may take place either in a once-through manner or with cooled flue gas 
recycle to moderate the combustion temperature.  The tailgas combustor also represents an opportunity for heat 
integration/recovery which could be used for either steam generation (e.g., export steam or electrical power generation 
in a steam turbine) or as a heat source (e.g., preheating the H2 or H2+N2 fuel to the gas turbine, additional reforming in a 
hydrogen system, or any other ancillary use of high quality heat) within the overall flow sheet.  The combustion 
products, primarily CO2 and H2O, will contain SOx (from the sulfur species, i.e. H2S), NOx (from the reaction of O2 
with N2, which will usually be present as an impurity) as well as excess O2 used for the combustion.  As CO2 capture is 
part of the overall process, the combustion gas will need to be compressed and purified.   
 Upon compression of the crude CO2 stream, the increase in pressure and contact with water promotes a number of 
chemical reactions which convert all sulfur compounds to sulfuric acid and nitrogen oxides to nitric acid [5-12].  The 
SOx-free, NOx-lean CO2 gas may then be compressed to pipeline pressures and either stored in geological formations or 
used in enhanced oil recovery (EOR).  The specialized CO2 purification/compression system, which includes SOx and 
NOx removal systems, was originally developed by Air Products for oxyfuel CO2 capture from pulverized coal 
combustion power boilers [6] but is well suited for the current application.  The specialized CO2 
purification/compression system has been scaled up from bench-scale work at Imperial College, tested as part of a DOE 
funded slip stream process development unit and is on its way to being trialed as a pilot unit at Vattenfall’s Schwarze 
Pumpe oxyfuel test plant. 
3. Experimental 
Key to the development of  the Sour PSA technology has been extensive experimental work to determine adsorbent 
materials that are stable in a sulphur environment and can satisfactorily remove both H2S and CO2 from syngas.  The 
main steps taken to achieve this goal were: 
 
• Assess the performance of high-temperature and conventional CO2 sorbents in simulated syngas 
• Evaluate the effect of H2S on the most promising adsorbents when operating in a fixed-bed under real syngas 
conditions 
• Assess the performance of the most promising adsorbents during long-term exposure to low levels of 
impurities (i.e., iron carbonyl, carbonyl sulfide, and hydrogen fluoride) 
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Throughout the above development activities Air Products estimated the potential industrial PSA performance of the 
most promising adsorbents with a process simulator and validated the simulation parameters by comparing with real 
experimental data.  Additionally, key adsorbent characteristics were evaluated throughout the testing campaigns by 
means of carefully controlled breakthrough experiments and adsorbent post-mortem analysis.   
The first step in the Sour PSA development activities was to identify and demonstrate which types of adsorbents can 
be used for this application.  Phase 1 of the development activities consisted of extended (six months) exposure testing 
of potential adsorbent materials to sour syngas.  An exposure apparatus was constructed at the Energy and 
Environmental Research Center (EERC) in Grand Forks, ND, USA.  Over a six month period candidate adsorbents 
were exposed to a blended sour gas at ambient temperature and 400 psig.  The synthetic sour gas consisted of 1% H2S, 
8% CO, 37% CO2, and balance H2.  Throughout the exposure testing the samples were periodically analyzed for CO2 
capacity, surface area, and sulfur content.  Most of the adsorbents showed an increase in sulfur content, and subsequent 
decrease in surface area and CO2 adsorption capacity with exposure.  However, adsorbent materials were identified 
which were stable in a blended sour syngas over the six month period.   
 
After selection of the best candidate adsorbents, a two bed PSA unit was 
constructed to test the adsorbents in actual coal or petcoke derived sour syngas.  
The Sour PSA test unit is designed to evaluate the performance of various 
adsorbent materials under PSA conditions with sour syngas obtained from pilot 
plant gasifiers at EERC.  The PSA unit consists of two insulated and electrically 
heated columns, a set of air-actuated switching valves at the top and bottom of 
the column, feed and purge gas mass flow controllers, various process tanks 
(product, depressurization, and purge), effluent gas flow meters, and analytical 
detectors (micro GC and CO IR unit).  A photograph of the unit is illustrated in 
figure 3.  Operation of the fixed-bed unit is conducted through a PLC system 
which automatically executes the proper valve and heater sequencing for the 
chosen cycle.  The operator must set the time lengths of the various steps, the 
feed flow rate, the purge gas flow rate (via a manual purge valve), the 
repressurization rate (via a manual repress valve), and the depressurization gas 
flow rate (via a set of parallel manual depress valves).  Gas pressure during each 
step is controlled by back pressure regulators.  Gas flow rates and compositions 
can be determined for the feed, product, purge effluent and depress effluent 
streams.  This permits evaluation of overall and component mass balances and 
estimation of H2 recovery/H2S rejection. 
 
Figure 3: Photo of Sour PSA unit. 
 
 
Table 1: Proximate analysis of typical PRB coal. 
 
The major objectives of putting these two units together (the gasifier and the Sour PSA) were to evaluate adsorbent 
stability to coal-derived syngas under PSA conditions, conduct H2S breakthrough tests under controlled adsorber 
conditions, and to obtain PSA performance data that can be used to validate the adsorption process simulation model.  
The feed to the gasifier was Powder River Basin (PRB) coal spiked with elemental sulfur to yield between 1-3% H2S in 
the gasifier effluent (coal analysis for typical PRB sample is listed in table 1).  The effluent from the gasifier was passed 
Rochelle coal, Antelope mine
Proximate Analysis, wt% Ash Compsition, % as oxides
Moisture 23.4 Calcium, CaO 29.7
Volatiles 33.8 Magnesium, MgO 10.1
Fixed Carbon 37.3 Sodium, Na2O 1.43
Ash 5.5 Silica, SiO2 22.5
Aluminum, Al2O3 13.8
Ultimate Analysis, wt% Ferric, Fe2O3 8.4
Carbon 51.7 Titanium, TiO2 1.2
Hydrogen 6.2 Phosphoros, P2O5 1
Nitrogen 0.9 Potassium, K2O 0.4
Sulfur 0.2 Sulfur, SO3 11.4
Oxygen 35.5
Ash 5.5 HHV, Btu/lb 8770
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through a sour shift reactor and water-cooled quench tanks before being sent to the PSA at 400 psig and ambient 
temperature.  During the first four week campaign of combined gasifier and PSA testing, a total of 1220 cycles were 
completed with the PRB coal syngas.  Analysis of the syngas showed the expected syngas components CO, CO2, H2, 
CH4, and inerts, as well as H2S, COS, and low levels of mercaptans.  More surprising was the appearance of ~600 ppm 
benzene, along with trace levels of toluene, ethylbenzene, xylenes, and naphthalene.  Additionally, gas chromatography 
was used to routinely monitor the major components of the PSA product gas during testing. 
 
Following the first campaign, the columns were removed, capped, and sent to Air Products labs for post mortem 
analysis.  A controlled suction device was used to remove adsorbent from the feed end of each bed.  An illustration of 
portions of the solid samples taken from columns A and B is shown in figure 4.  There is an obvious orange-yellow 
color for the samples near the feed end of the bed.  A hydrocarbon odor was noted when sampling the columns which is 
most likely attributed to the heavier aromatic components observed in the syngas feed analysis.  Select samples from 
Bed A were submitted for XRF analysis.  The results showed increased levels of sulfur and chlorine in the 1st layer of 
adsorbent.   
Figure 4: Spent adsorbent samples from EERC columns A & B (coal-derived syngas). 
 
During the first campaign of testing it appeared that the H2S capacity of the adsorbent decreased by approximately 
20% between cycles 0 and 1220.  Because H2S breakthrough experiments were only conducted at the start and end of 
the campaign, it was unknown whether the decrease occurred rapidly followed by stabilization or continually declined 
over the testing period.  To better understand these phenomena, a second campaign was conducted at EERC using the 
same gasifier and PSA set up as before, but with a new protocol to run intermittent H2S breakthrough experiments 
during the campaign to monitor the H2S capacity over time.  Once the PSA was loaded with fresh adsorbent (same 
layering as the first run) and sent back to EERC, the second coal campaign resulted in approximately 1500 cycles being 
completed on the PSA.  The results of the H2S breakthroughs for the first and second campaigns are shown in figure 5.  
The red data in the figure are from the first campaign, they show a drop of about 20% relative to the fresh adsorbent.  
The blue data are from the second campaign.  The second campaign results suggest that there is an accumulation of 
sulfur- and chlorine-containing components on the feed-end of the adsorbent bed.  Presumably this is what leads to the 
coloration of these samples.  Importantly, this accumulation does not appear to significantly impact the CO2 adsorption 
properties of the material.  It is likely that these components are retained on the surface of the adsorbent rather than 
throughout the bulk of the adsorbent.  The new results suggest that the capacities decrease during the first 700 cycles, 
and then stabilize with further cycles. 
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Figure 5:  H2S capacity from breakthrough tests. 
4. Process simulations 
The Air Products technology can be integrated into a gasification flow sheet with CO2 capture and can be evaluated 
as a replacement for the AGR in conjunction with other process integrations and improvements as shown in figure 1.  
Two product types (power and hydrogen) were used for the base cases; (1) IGCC with CO2 capture and (2) gasification 
for high purity H2 with CO2 capture.  In particular, the base cases were developed with petroleum coke as the feedstock 
(4000 tonnes per day) and using conventional technologies for the AGR (e.g., Selexol™).  The four process schemes 
evaluated were:   
 
 Sour PSA Case: 299 x 103 Nm3/h H2 [Air Products Sour PSA Novel Technology for Hydrogen Production] 
 Sour PSA Case: 473 MW net power [Air Products Sour PSA Novel Technology for Power Production] 
 Base Case: 305 x 103 Nm3/h H2 [Conventional Technology for Hydrogen Production] 
 Base Case: 453 MW net power [Conventional Technology for Power Generation] 
 
PSA simulations 
 
Air Products has developed a dynamic adsorption process simulation tool called SIMPAC to help design and 
troubleshoot our numerous H2 pressure swing adsorption plants [13].  The model solves the unsteady-state heat, mass, 
and momentum equations that describe the progression of concentration and thermal fronts along a fixed bed adsorber.  
The simulator can be applied to all of the common steps of a PSA – feed, pressure equalization, purge, depressurization 
and repressurization.  It can also simulate consecutive series of these steps (cycles) until the system achieves ‘cyclic 
steady state’, a point where the dynamic concentration and temperature profiles for each step are identical to the profiles 
calculated for the previous cycle.  This is the solution that describes performance of an industrial unit.  Overall process 
performance can then be determined by evaluating the cumulative inlet and outlet gas flows and compositions, which 
then lead to tangible parameters such as H2 recovery (H2 in product divided by H2 in feed), bed loading (moles of feed 
processed per unit volume of bed), and carbon rejection (moles of CO, CO2 and CH4 rejected to low pressure waste 
stream divided by the amount in the feed gas).  Sour PSA designs were conducted for both high purity H2 production 
and decarbonised power production using a standard 10-bed H2 PSA cycle 
For the high-purity H2 case, the Sour PSA was designed to remove essentially all of the syngas impurities (e.g.,  
less than 1 ppm CO + CO2 in the H2 product).  A large part of the optimization was associated with proper specification 
of the adsorbent layers.  Once the bed loading was fixed, a series of simulations were conducted at different purge flow 
rates to determine the optimum operating conditions that maximized H2 recovery.   
In the decarbonised fuel scenario, the Sour PSA was designed for a total carbon rejection of at least 90% and a limit 
of less than 3 ppm H2S in the H2 rich product (to satisfy assumed SOx emissions levels in the gas turbine flue gas).  This 
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is a far less challenging case for the PSA and a reduced layer of sulfur-tolerant adsorbent is capable of achieving these 
targets.  A series of simulations were conducted at different purge flow rates to determine the optimum operating 
conditions that maximized H2 recovery. 
Once all of the above simulations were completed, the PSA process could be scaled against the required feed flows 
from the power process simulations.  Occasionally industrial flows are too large to be handled in a single assembly (or 
train) of PSA vessels due to limitations in vessel diameter and multiple PSA trains are then required.  Capital costs for 
the PSA unit were evaluated once the vessel size and number of required trains was determined.  An in-house program 
was used to estimate costs of adsorbent, vessels, valves, valve skid, and control equipment.  An installed capital cost 
was determined by applying an installation factor typical for PSA systems.   
 
Optimized results 
 
Hydrogen recovery was in the normal 85-90% range for the H2 product cases, but was much higher for the power 
case where some of the impurities can slip into the H2 rich product.  Carbon rejection of over 92% was obtained in the 
power case, and essentially 100% in the Sour PSA for H2 case (high purity H2 product).  Operation at lower feed gas 
pressure yields some improvement in H2 recovery at the expense of substantial reduction of bed loading (i.e., bigger 
vessels).  The capital costs for a Sour PSA are higher than those for a traditional H2 PSA used for producing high purity 
H2 post Rectisol
®.  This is due to the additional requirement of removing bulk CO2 from the syngas.  However, the Sour 
PSA process eliminates the need for the Rectisol® unit with its associated capital cost and energy intensity and is 
therefore overall a lower cost option. 
Table 2 shows the estimated capital cost savings for the Air Products technology cases compared to the 
conventional technologies (savings of ~$147 million for power and ~$106 million for hydrogen) with a carbon capture 
rate of 90%.  Some of the operational savings occur with the change in the process cycle.  For example, the Air 
Products’ Power case produces 20 MWe more power than the Conventional Technology Power case via the heat 
integration of the oxycombustion unit with the combined cycle power plant.  At nominal power sales rates, the extra 
power would be worth ~$14 million per annum.  Next, the assumed trim fuel flowrate necessary for the oxy combustion 
system was very conservative.   Based on experiments performed at Air Products on oxy-combustion of low BTU fuel 
gas, it is now believed that less trim fuel or possibly none is needed.  Also, natural gas was used as the trim fuel to 
simplify the study, but it may be replaced by lower cost fuels (e.g., sour refinery fuel gas (RFG) or sour syngas).  These 
fuel changes can directly affect the operating and maintenance costs by up to $15 million per annum.  The yearly 
operating and maintenance costs are nominally lower for the Air Products technology (savings of ~$2 million for power 
and ~$24 million for hydrogen).  The estimated reductions in the cost of CO2 capture compared to the conventional 
technology are also shown in Table 2.  Overall, the system is expected to reduce the cost of CO2 capture by over 25%.    
 
Table 2:  Estimated Benefits for Advanced CO2 Capture (H2S / CO2 Removal) Technology for Gasification 
Case CO2 Capture 
Amount 
(Tonnes/day) 
Capital Cost 
Savings 
($ million) 
Operating Expense 
Savings 
($ million) 
Reduction in CO2 
Capture Cost 
(%) 
Sour PSA - Power 12800 147 2 19.7 
Sour PSA - H2 12100 106 24 25.2 
5. Conclusions 
Air Products has developed an alternative process arrangement for gasification that can achieve a higher level of CO2 
capture than the conventional absorption technologies at significantly lower capital and operating costs.  Overall, the 
system is expected to reduce the cost of CO2 capture by over 25%.    
 
The step change technology consists of: 
 A H2 PSA technology adapted to handle high CO2 and H2S laden feed gas. 
 Low-BTU oxyfuel burner technology. 
 Advanced CO2 compression and purification. 
  
The major benefits are: 
 100 % CO2 capture possible. 
 Major cost savings compared to conventional physical solvent absorption process.   
 Amenable for polygeneration. 
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